Angelmarin, a naturally occurring coumarin, exhibited highly anti-austerity potency towards human pancreatic carcinoma cell line PANC-1. In this paper, an efficient and eco-friendly synthesis of angelmarin and its analogs from columbianetin has been developed via a ZnO mediated esterification and a Wittig reaction.
Pancreatic cancer is one of the deadliest human carcinomas with a 5-year survival rate of less than 5% [1] . Certain pancreatic cancer cells are known to show a strong tolerance towards nutrient and oxygen deprivation under hypovascular conditions [2] . Therefore, an anti-austerity therapeutic strategy has been proposed to inhibit pancreatic cancer cells [3] . Interestingly, angelmarin (1, Figure 1 ), a naturally occurring coumarin from Angelica pubescens exhibited 100% preferential cytotoxicity against human pancreatic carcinoma cell line PANC-1 at a concentration of 0.01 μg/mL in nutrientdeprived medium while showing no cytotoxicity in nutrient-rich medium [4] . The highly potent anti-austerity of angelmarin towards PANC-1 cells motivated researchers to explore efficient methods on the synthesis of angelmarin and its analogs. As we know by far, there are only a few literature associated with the synthesis of angelmarin. The first total enantioselective synthesis of angelmarin was developed by Magolan and Coster in 37% yield over 8 steps starting from umbelliferone in 2009 [5] . But when they subsequently applied their method to make angelmarin analogs with various substituted benzaldehyde, a minor byproduct, columbianetin acetate, could not be removed from some final products [6] . Although Harris reported another synthetic method starting from cylohexane-1,3-dione, their method suffered the same problem since they adopted Magolan's procedure after they got the key intermediate columbianetin (2, Figure 1) [7] . An alternative synthesis of angelmarin was disclosed by Jiang and Hamada in 2009 right after Magolan through a copper cyanide-mediated esterification of the key intermediate, columbianetin, in 53% overall yield [8] . But this method suffers from the disadvantages of the tedious protection and deprotection procedures as well as the utilization of highly toxic copper cyanide. So, there is still a strong need to develop a convenient method for preparation of angelmarin and its structural analogues. In this study, we reported a facile synthesis of angelmarin from columbianetin via zinc oxide mediated esterification and Wittig reaction.
In all the reported synthetic routes for angelmarin so far, the ester formation between cloumbianetin and p-coumaric acid is the critical step. Due to the highly steric nature of the tertiary alcohol columbianetin and the nucleophilic nature of the hydroxyl group of p-coumaric acid, the direct esterification of these two reagents is unachievable. As mentioned above, although Magolan and Jiang have respectively developed an indirect synthetic method from columbianetin to angelmarin, both suffer from several disadvantages.
Wittig reaction is one of the most well known protocol for olefin synthesis [9] . We envisage that if we can make the phosphonium salt 4 from columbianetin, angelmarin might be easily prepared with 4-hydroxybenzaldehyde through a Wittig reaction and various angelmarin analogs might also be easily obtained using differently substituted benzaldehydes (Scheme 1). Then, we need to prepare the precursor, chloroacetyl columbianetin 3a, for the phosphonium salt 4. Although chloroacetic chloride is much more active than pcoumeric acid, direct acylation of columbianetin with chloroacetic chloride still turned out to be difficult. As shown in table 1, in the presence of common bases such as potassium carbonate and triethylamine (Table 1 , entries 1and 2), no desired product can be observed. While using DMAP as the base, ester 3a can be obtained in only quite low yield (Table 1 , entries 3-5). Although Jiang has reported that excess amount of silver cyanide or cuprous cyanide was able to promote the acylation of columbianetin with acyl chlorides, we are more interested to find a less toxic and cheaper reagent for this transformation. As we know, some metal oxides, generally more stable and less toxic than the corresponding metal halides and metal cyanides, can be able to catalyze the esterification. Especially, silver oxide is a widely used activator for acyl halides and alkyl halides [10] . We found that, in presence of excess amount of Ag 2 O, ester 3a can be obtained almost quantitatively using toluene as the solvent (Table 1 , entry 6) but with lots of 4-chloroacetyl toluene formed due to the Friedel-Craft acylation. When we tried to change the solvent to CH 2 Cl 2 or MeNO 2 , no desired product could be found (Table 1, entries 7-8) . Zinc oxide (ZnO), a very stable, cheap and eco-friendly substance, has been proved to be an effective catalyst for esterification of primary and secondary alcohols while less effective for steric bulky tertiary alcohols [11] . As we expected, when the reaction was carried out under catalytic amount of ZnO (10 mol%), no ester 3a can be observed by TLC analysis (Table 1, entry 9 ). Fortunately, when we increased the amount of ZnO and chloroacetyl chloride, complete conversion of columbianetin and high yields of 3a can be achieved (Table 1 , entries 9-13 ). With 10 eq. ZnO and 10 eq. chloroacetyl chloride, ester 3a can be obtained almost quantitatively (Table 1 , entry 13 ). With ester 3a on the hand, we tried to prepare the phosphonium chloride. Unexpectedly, ester 3a failed to react with triphenyl phosphine in CH 2 Cl 2 or toluene, probably due to the low activity of ester 3a. Although the reaction did work in polar solvents such as acetonitrile, great amount of 3a decomposed to columbianetin resulting in very low yield of the desired phosphonium chloride. Alternatively, columbianetin chloroacetate 3a was then smoothly transformed to more reactive columbianetin idioacetate 3b in 91% yield by Finkelstein reaction. The Wittig reagent 4 was subsequently obtained as precipitates in 98 % yield from the reaction of 3b and triphenyl phosphine in toluene. Finally, angelmarin was successfully obtained by the Wittig reaction of 4 and unprotected p-hydroxybenzaldehyde quantitatively in the presence of K 2 CO 3 in CH 2 Cl 2 . The structure of the final product, angelmarin, was characterized by 1 H-NMR, 13 C-NMR, HRMS, ORD, and further confirmed by comparing with literature report [4] . We were then pleased to find that by simply replacing the p-hydroxybenzaldehyde with other aldehydes in the last step, various angelmarin analogs can be easily obtained in high yields. Namely, when benzaldehyde, p-methoxybenzaldehyde, p-nitrobenzaldehyde and furfural were used to react with the Wittig reagent 4, corresponding angelmarin analogs 5a, 5b, 5c and 5d were obtained respectively (Scheme 2).
In conclusion, we have developed an efficient approach to synthesize angelmarin from columbianetin in 87% yield over four steps including a zinc oxide promoted esterification and a Wittig reaction. By this method, several other angelmarin analogs were also successfully prepared in high yields. The inexpensive and ecofriendly reagents, mild reaction conditions together with the nonprotection process render this method a practical protocol for the preparation of angelmarin and its analogs.
Experimental

Synthesis of Columbianetin Chloroacetate (3a):
To a mixture of columbianetin (2, 40.0 mg, 0.16 mmol), zinc oxide (133.0 mg, 1.63 mmol) and CH 2 Cl 2 (10 mL), was slowly added chloroacetyl chloride (125 μL, 1.66 mmol). The reaction mixture was refluxed for 12 hours and was then cooled to room temperature. The mixture was filtrated and the filtrate was then washed with H 2 O (10 mL x 2), dried over anhydrous Na 
